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ﬁsh and shellﬁsh hatcheriesExtracellular Polymeric Substances (EPS),1 or exopolymers, play vital roles in the productivity of commercial hatch-
eries, yet have received little attention in aquaculture outside of their role in the bioﬁlters of recirculating systems.
Hatcheries have long dealt with EPS in microalgal cultures or larval rearing systems when quantities manifest
themselves visually as bioﬁlms or mucilaginous aggregates. The same polymers in lesser, visually undetectable
quantities have the ability to attract commensal bacteria and sequester micronutrients, which can be essential in
hatcheries for hygiene, stability of rearing environments, and the production of microalgae for live feeds. EPS
may also serve an important role in nutrition both directly in the particle selection of ﬁlter feeders, and indirectly
through their contribution to microﬂora in the larval gut of both ﬁsh and invertebrates. EPS have been well-
studied inmarine ecosystems, but their presence in hatcheries has until recently been largely overlooked, perhaps
on account of their invisibility using normal microscopy and their extremely small size, both factors which may
explainwhy they are sometimes also referred to as transparent exopolymeric substances (TEPs). This reviewexam-
ines recent literature for ways in which EPS affect hatchery processes, with suggestions as to how further research
and development of biosensor technologies for EPS have the potential to improve production processes.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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Transparent exopolymers (TEPs) or Extracellular Polymeric Sub-
stances (EPS) are exudates of aquatic organisms that generally elude
detection by traditional microscopical techniques. In mesocosm and
natural ecosystem research, microalgae, macroalgae andmost mature
marine invertebrates (e.g. molluscs, sea cucumbers, corals) contribute
some quantity of EPS to the water column (Wotton, 2005, 2011). In
shellﬁsh hatcheries, bacteria in conjunction with dinoﬂagellate and
diatom cultures are the primary contributors to EPS, while in all
hatcheries (e.g. ﬁsh, crustacean and shellﬁsh), broodstock and larvae
also play a role in mucin contributions through pseudofaeces, faeces
or the epidermal mucus. All suchmucins can qualify as EPS on account
of their macromolecular gel-forming properties (Shephard, 1994).
EPS have been well-researched inmarine, fresh water and estuarine
environments as they are signiﬁcant contributors to the conversion of
dissolved organic matter (DOM) to particulate organic matter (POM),
with implications for sedimentation, carbon/nitrogen cycling, and nutri-
ent availability (Chin et al., 2004; Klein et al., 2011; Passow, 2002a;
Verdugo, 2012).2
EPS have been acknowledged for their importance in aquaculture
(Sutherland, 1990), but primarily studied for their contribution to
waste buildup and suspended solids removal in recirculating culture
systems (Ebeling et al., 2003; Martins et al., 2010). In hatcheries, EPS
are implicated in bioﬁlm formation, but it would be a mistake to
conﬂate them with hatchery hygiene issues, as their applicability in
aquaculture is much broader and more complex. For instance, much of
the research on optimizing physical and biochemical characteristics of
larval feeds arguably provides only a partial description of feed quality
unless exopolymers are taken into account. The adhesive and semio-
chemical properties of EPS may affect 1) food preferences 2) particle
sizes ingested 3) food digestibility and 4) predator grazing. EPS are
important determinants of stability and quality of microalgal cultures
in shellﬁsh hatcheries, and by implication, are also important to the
quality of live feeds such as copepods and rotifers used in ﬁsh hatcher-
ies. EPS play an important role in particle selection and transport in
many grazers and ﬁlter feeders, but further research is warranted to
also examine their role in development of bacterial ﬂora in the larval
gut, with implications for nutrient assimilation and pathogen resistance
in both ﬁsh and invertebrates.1.1. Deﬁnitions of exopolymers
In marine, fresh water, and estuarine environments, both single-
cell and multicellular organisms produce sticky, extracellular poly-
mers that have been variously referred to in the literature as exudates
(Wolter, 1982), ectocrines (Ward and Targett, 1989b), transparent
exopolymer particles (TEPs) (Alldredge et al., 1993b), extracellular
polymeric substances (EPS) (Hoagland et al., 1993; Smith and
Underwood, 2000), and now more commonly, as exopolymers (EPS)
(Wotton, 2004; Wotton, 2005). In this paper we will use the most
current convention of referring to them as EPS or exopolymers,
although the other terms remain interchangeable. The transparency
of EPS with regard to many traditional microscopic techniques has
made them elusive, even though they were detected and character-
ized biochemically more than a half century ago (Haug and
Myklestad, 1976; Lewin et al., 1958; Reimann et al., 1965). In this
review, we examine a wide literature on EPS and their roles in aquatic
systems, suggestingways inwhich these understudied components of
feed quality and culture systems deserve further investigation and
monitoring in an aquaculture context.2 This article will use EPS for consistency in referring to exopolymeric substances
whether dissolved or particulate.1.2. Role of EPS in hatcheries: from hygiene to feed quality
From a nutritional perspective for larvae, EPS are high in carbohy-
drate content but also include proteins, nucleic acids, and lipids
(Bhaskar and Bhosle, 2005; Decho et al., 2005). They generally consti-
tute 100 times more solids/solvent (~10 g/L) than seawater dissolved
organic carbon (DOC) (~10-1 g/L) (Verdugo, 2012), thus are buoyant
forms of reduced organic carbon and other potential nutrients avail-
able to aquatic organisms. The saccharides comprising exopolymers
are typically anionic and therefore sites for adsorption of cationic nu-
trients, such as calcium (Geesey et al., 2000), all-important iron
(Boye and van den Berg, 2000a; Hassler et al., 2011b; Sutak et al.,
2012), and other metal ions for extracellular enzymatic processes.
Cationic functional groups provide spatial architecture in which
microbes proliferate and transfers of organic molecules take place.
Chemically, EPS contain variable amounts and kinds of monosac-
charides in polymeric chains that typically constitute 20-50% of the ex-
tracellular carbohydrates (Haug and Myklestad, 1976; Underwood
et al., 2004). As polymers elongate, they tend to form dissolved entan-
glements of ~5-50 nm that become interpenetrating and assemble to
formnanogels (~100-200 nm)(Chin et al., 1998). As concentrations in-
crease and environmental and physical parameters come into play
(e.g. ratios of hydrophilic/hydrophobic domains, topology, charge
densities, conformations, solvent interactions), these nanogels anneal
to form microgels (~3-6 μm) (Verdugo, 2012). The processes of
assembly and annealing (Burd and Jackson, 2009) are in reversible
equilibrium so removal, for instance by bacteria, may result in
additional formation by microalgae, whereas shear or excess produc-
tion may result in fragmentation and dispersion into DOM (Bellinger
et al., 2005; Verdugo, 2012). Nano- and microgel formation by
this relatively low-energy physical process is distinct from that of
chemical gels which form higher-energy covalent bonds and yield
particles that are more refractory and less likely to interpenetrate as
entanglements (Verdugo, 2012). Unlike chemical gels, EPS cross-
linkages in self-assembling gels are weak enough that changes in
environmental conditions like hydration, pH, salinity, and pressure/
mixing can affect their colloidal properties, hence resulting in ﬂux
between the sol and gel states (Wotton, 2005). Such structural proper-
ties also affect how ‘sticky’ they are in relation to each other
and substrates.
EPS originate as an encapsulating matrix around the organisms
that produce them and consist of hydrophobic and hydrophilic micro-
domains (Decho, 1990b; Verdugo, 2012) leading to their classiﬁcation
as macroporous polymers. Their phase transitions between solvated
and condensed forms can alter their volume by as much as 20-fold
(Verdugo, 2012). As porous structures, they allow for bacterial coloni-
zation (Chin et al., 1998; Moon et al., 2007), contain pockets of enzy-
matic activity (Baltar et al., 2010; Bhaskar and Bhosle, 2005) and can
trap toxins and detritus (Tamura and Tsuchiya, 2011). When EPS
become visible macroscopically (N1mm), they have been variously
described as aggregates (Magaletti et al., 2004; Simon et al., 2002;
Thornton, 2002), ﬂoc (Heinonen et al., 2007), and marine snow
(Alldredge et al., 1993a).
There have been numerous mesocosm and microalgal culture
studies demonstrating the need for careful attention to parameters
like bacterial contamination, pH, salinity, gas exchange, and densities
to explain bioﬁlms that visibly manifest as ‘slime’. The formation of
bioﬁlms can be explained by the equilibrium between DOM and
POM that is dependent upon the chemical components interacting
with biophysical properties of the EPS microenvironment. When con-
ditions allow for proliferation of EPS in quantities, visible slime forms
on tanks and piping, but several important stages of bioﬁlm formation
will occur even before this slime becomes visible. In algal cultures,
foaming and scum are often used as indicators of a need for better
hygiene protocols to reduce bacterial contamination, or may be indi-
cators that cultures have aged and should be discarded.
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the nutritive value or requirement for invisible EPS micro- and
nanogels as dietary components for larvae that are fed microalgae
(e.g. shellﬁsh), for the copepods and rotifers used as feed, or even for
larval ﬁsh. Forﬁlter-feeders, the size, stickiness and chemical composi-
tion of EPS are important factors in adhesion by lectins (Espinosa et al.,
2009) in the secretory mucus on gill surfaces (Ward et al., 1998). This,
in turn, plays a role in whether particles are rejected or selected for
ingestion, digestion and ultimately assimilation. The same is likely
true for zooplankton given their dietary preferences (Tang, 2005).
However, there is currently very little research on EPS phase transi-
tions and how they affect feeding behaviours or gut microﬂora at
various life stages of hatchery organisms. Hence subsequent sections
of this review will examine disparate literature to look for evidence
of how EPS function in hatcheries, and will suggest how monitoring
of EPS could yield important information to improve aquaculture
productivity.
2. Functional understanding of the EPS matrix
2.1. EPS in microalgal-bacterial assemblages
Hatchery techniques have traditionally focused on reducingmicro-
bial contamination present in intake water by a combination of ﬁlters,
UV, ozonation, chlorination or pasteurization to create a controllable
culture environment (Alvarez-Lajonchère and Cittolin, 2013;
Hess-Erga et al., 2008). However, the microenvironment of EPS
microgels can be a refuge for bacteria to escape such treatments and
be a suitable medium for their proliferation within days of exposure
(Tang et al., 2011). In addition, a growing literature on probiotics,
prebiotics and their combinations (synbiotics) demonstrates complex
relationships within the EPS microenvironment where nutrients and
other chemical compounds diffuse and mingle with species-speciﬁc
stimulatory and/or inhibitory effects, often profoundly changing
behaviours of one organism or the other - for recent reviews see
Amin et al. (2012); Cerezuela et al. (2011); De et al. (2014); Natrah
et al. (2014).
Bacteria and microalgae both produce signiﬁcant quantities of
exopolymers (Passow, 2002c) and bacterial productivity is known to
be higher within polymeric aggregates, differing from surrounding
seawater in numbers estimated to be 5 to 40% of total bacteria and
often reaching 60% (Simon et al., 2002). Presumably microbial associ-
ations have evolved as an adaptive response to a variety of environ-
mental conditions (De Carvalho and Fernandes, 2010) with marine
bacterial-algal assemblages often appearing to be commensal or mu-
tualist. In some instances, the mutualism between bacteria and
microalgae appears to be obligatory (Bolch et al., 2011; Green et al.,
2004; Grossart et al., 2005). For instance, it is impossible to culture
Chaetocerous gracilis (muelleri) axenically, and it has an obligate rela-
tionship with – among possibly others - the bacterium Flavobacterium
N-10 onwhichwe can assume it depends for speciﬁc nutrient bioavail-
ability (Hirayama, 1996). A number of similar studies have shown both
stimulatory and inhibitory effects of bacteria on various species of
microalgae commonly cultured in shellﬁsh hatcheries (Haines and
Guillard, 1974; Ukeles and Bishop, 1975; Fukami et al., 1997). Howev-
er such studies do not explore the formation of exopolymers and thus
provide little information about how inhibitory or stimulatory effects
occur.
The microbial-microalgal relationships are, at least in part, based
on the respective release of EPS by bacteria and algae that form the
matrix in which adhesion, enzyme reactions, and chemical exchanges
take place. When environmentally stressed, one organism’s relative
efﬁciency in nutrient absorption may stimulate EPS production by
the other (Guerrini et al., 1998). A good example to illustrate this
point is the production of domoic acid and other toxins frequently as-
sociated with shellﬁsh poisoning, which occurs only in the presence ofspeciﬁc bacteria (see further discussion of this phenomenon in
Section 2.4).
Bacterial compounds embedded in exudates serve an important
role in quorum sensing (QS), which has been recently explored in
the aquaculture context (Natrah et al., 2011a). Furanones produced
by macro- and microalgae act as QS deterrents (De Nys et al., 1999)
and must reside in or at least pass through EPS. When ampliﬁed,
they can be used to interfere with both bacterial proliferation
(Natrah et al., 2011b) and bioﬁlm production (Baveja et al., 2004).
Addition of furanones to microalgal cultures might therefore provide
cost savings compared to other labour-intensive hygiene protocols.
This is not to say that laboratory results necessarily scale up to hatch-
ery settings where bacterial-algal associations involve a multitude of
species (Sapp et al., 2007) andmay vary successionally duringmatura-
tion of cultures (Nicolas et al., 2004). However, various techniques for
assaying and manipulating QS compounds and furanones relative to
EPS production deserve considerably more research to reveal how
and why bacterial-microalgal assemblages come into balance in
healthy cultures, but produce toxins causing population crashes
when unbalanced.2.2. EPS in bacterial assemblages associated with zooplankton and ﬁsh
larvae
For species important in hatcheries, bacterial assemblages also clear-
ly play a role in zooplankton nutrition, especially for rotifers and crusta-
ceans used as feed (see reviews by Natrah et al. (2014); Tang et al.
(2010)). There is extensive literature on probiotic supplementation
and gut enzyme activity for ﬁsh culture, although considerably less on
very early developmental stages when gut differentiation and matura-
tion are occurring (for a comprehensive review, see Ray et al. (2012)).
Research emphasis has been primarily empiric in order to enhance pro-
duction, and has typically concentrated on protein content and enzy-
matic capabilities (Rønnestad et al., 2013), with less attention paid to
carbohydrate energy sources and micronutrient uptake. Nevertheless,
recent interest in administration of synbiotics (combination of prebi-
otics and probiotics) as immunostimulants (Cerezuela et al., 2011) or
to confer a competitive edge for autochthonous bacterial strains against
pathogens (De et al., 2014) has stimulated use of advanced sequencing
techniques to elucidate in vivo microbial community structures
(Grossart and Tang, 2010).
Whether ﬁsh larvae metabolize EPS and its bacterial assemblages
during their endogenous and mixed feeding periods remains to be
established, since there is a paucity of research on this subject and com-
paratively little on ﬁsh larvalmetabolism of carbohydrates compared to
proteins and lipids (Rønnestad and Morais, 2008). However, post-
hatching ﬁsh larvae consume seawater (Mangor-Jensen and Adoff,
1987) and carbohydrate enzyme synthesis is regulated well before
that of proteins and lipids (Péres et al., 1996). Furthermore, it has
been demonstrated that pancreatic secretions into the alkaline midgut
are functional prior to exogenous feeding (Kamler, 1992; Rønnestad
and Morais, 2008) and include disaccharidases and amylase (Bakke
et al., 2010). Eventually herbivorous ﬁsh and even some carnivores ac-
quire gut endosymbionts capable of digesting complex carbohydrates,
such as cellulose, although there is still controversy about gut microbial
ecology and its contribution to growth (Clements et al., 2014). An in-
triguing possibility, given evidence for metabolic programming in typi-
cal ﬁsh ontogeny, is that exposure to particular stimuli at very early
stages can contribute to favourable metabolic responses to re-
stimulation in juvenile and adult life stages; new methods for tracking
the speciﬁc activity of nutrients and their relative bioavailabilities
could be exploited to explore the roles of EPS exposure in that context
(Conceição et al., 2010). It seems that ingestion and processing of EPS
is an overlooked component of early ﬁsh development that deserves
further research attention.
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and toxins
Knowing that the polysaccharides in EPS are highly surface-
reactive, it is not surprising that they have strong metal-complexing
ability (Bhaskar and Bhosle, 2005; Flemming and Wingender, 2010).
EPS are involved in moving dissolved metal ions into the particulate
phase (Quigley et al., 2002) and sequesteringmicronutrients from sea-
water (Decho, 1990a) in forms that can increase their uptake by
microalgae (Amin et al., 2009; Gutierrez et al., 2012; Soria-Dengg
et al., 2001). As an essential nutrient, iron has been most commonly
studied in relation to the vital role of bacterial siderophores, EPS, and
other organic ligands that are involved in iron uptake by manymarine
organisms. The importance of iron-uptake is an indication of the vast
importance of EPS to sustaining life in marine systems (Gledhill and
Buck, 2012). While the many complexities of iron bioavailability for
phytoplankton are still being worked out (Shaked and Lis, 2012), it is
clear that not only bacterial siderophores but also microalgal
exopolymers are key factors in microalgal iron uptake (Boye and van
den Berg, 2000b). Evidence suggests that saccharides in the mid-
sized fraction of diatom-produced EPS (Hassler et al., 2011a) can inﬂu-
ence the bioavailability of iron by increasing its solubility, especially
when exogenous saccharides like glucuronic acid or dextran are avail-
able (Hassler et al., 2011b). However, bacteria, their siderophores, or
other secreted compounds residing in EPS aggregates can have greater
capacity to sequester available micronutrients than the microalgae
themselves (Hassler and Schoemann, 2009), effectively starving the
algae and leading to population crashes. It would therefore be impor-
tant to establish what, in turn, controls EPS production in species of
importance to hatcheries, in order to ensure that iron bioavailability
is never a growth-limiting factor.
The presence of diffusible substances in EPS, especially toxins that
sequester cationic essential nutrients, can have profound metabolic
effects on microalgal and larval growth. A classic example is when
hatchery intake water containing EPS with minute quantities of toxins
pass through ﬁlters. Although larger particles are removed by mechan-
ical ﬁltration, and bacteria may largely be inactivated by UV or pasteur-
ization, EPS and their inclusions are fully capable of passing into a
hatchery with even the highest standards of intake water treatment.
In some hatcheries, poor larval growth rates and even mortalities can
be observed directly after phytoplankton blooms, wherein degradation
products in intake water - byproducts of bacterial decomposition or
oxylipins (Adolph et al., 2004) - affect the stability of algal, rotifer or
copepod cultures, and may directly affect larval growth and survival.
Largely undetectable with conventional water analysis, EPS in the
hatchery’s intake water affect all stages of hatchery production, not
just by transporting toxins of biological origin, but also by transporting
bound metals. Most hatcheries do not regularly conduct trace metal
analysis, but in many cases, the bioavailability of trace metals or the
presence of heavy metals plays an important role in larval survival.
This is shown by the effective addition of EDTA as a chelating agent to
bivalve or crustacean gametes during fertilization and/or to larval
tanks during rearing, particularly in areas with upwelling, salinity ﬂuc-
tuations, heavymetal pollution or a range of other factors that cause EPS
to deleteriously bind metals (Castille and Lawrence, 1981; Utting and
Helm, 1985). In a shellﬁsh hatchery, microalgal production of EPS is
also of interest when changes in intake water affect pH, salinity and
other growth conditions that either stimulate or inhibit EPS formation
and consequently bacterial ﬂora. This relationship between bacteria
and algae has been demonstrated in experiments on co-culture of bac-
teria and diatoms on either side of diffusible membranes, clearly show-
ing that the release of bacterial exudates affects algal receptors which
up-regulate their metabolic activity (Paul et al., 2013).
A well-known example of this phenomenon is observed in con-
junction with harmful algal blooms. Domoic acid (DA) impacts many
species and in high concentrations is lethal to both ﬁsh and mammals.It is well known in shellﬁsh aquaculture for its ability to concentrate in
the ﬂesh of ﬁlter feeders and pass up the food chain with devastating
effects for human consumption. The exact roles of DA in seawater are
debated (Amin et al., 2012), but highly sensitive assays show that all
Pseudo-nitschia species produce DA in some quantities, and it is also
present in conjunction with other species of cultured microalgae
(e.g. Chaetoceros sp.) commonly raised in hatcheries. Pseudo-nitzschia
production of DA is directly linked to the presence of bacteria within
algal cultures, such that axenic cultures produce undetectable levels,
but the introduction of bacteria to axenic cultureswill increase DApro-
duction exponentially (Bates et al., 1995b; Kobayashi et al., 2009).
Under conditions favorable for algal reproduction, more algal cells ca-
pable of producing DA toxins will be present in the water column, but
bacterial cues can also stimulate toxin production. In fact, bacterial
proliferation is the key factor in DA production, with a range of other
metabolic stressors implicated in the creation of the speciﬁc conditions
necessary for these harmful blooms (Bates et al., 1995a). For instance,
iron and especially copper depletion has been shown to stimulate DA
production by 20-fold (Wells et al., 2005).
Given the inter-relationship of bacteria and microalgae, and espe-
cially in light of the high toxicity of domoic acid to larvae, it could be
useful for hatcheries to have sensors on intake water pipes to continu-
ously monitor toxins associated with algal blooms. Changes in trace
metal bioavailability could theoretically become proxies for the pres-
ence of DA and other toxins that typically rely on metalloenzymes for
their production. The development of detectors using marine bacterial
siderophore ﬂuorescence is already underway (Chiadò et al., 2013); in
future, similar detectors could be adapted for use in hatcheries to mon-
itor intake water. Detectors could also be used for monitoring of the
ligand binding capabilities of microbial assemblages grown as feed in
shellﬁsh or crustacean hatcheries, not only to ensure that organisms se-
questering essential nutrients in EPS are included in the production sys-
tems, but also to simplify prediction of any impending instabilities in
culture conditions. Similarly, a paper-strip biosensor for detection of
quorum-sensing from gram-negative bacteria has also been developed
(Umesha and Shivakumar, 2013) and such technology may in future
be useful if correlated with stability of a hatchery’s algal cultures.
2.4. EPS roles in resistance to predators and pathogens
EPS can serve as a predator defense mechanism, either by incorpo-
rating repellant substanceswithin the EPSmatrix or altering biophysical
properties to deter predators like zooplankton grazers. In a study of
microalgal exudates fromeukaryotic alga Phaeocystis globosa and thedi-
atom Thalassiosira weissﬂogii, the accumulation of dissolved ‘feeding de-
terrents’ on calanoid copepod (Temora longicornis) grazing had no effect
until larger particles developed, when EPS formation from DOM had a
strong inhibitory effect (Dutz et al., 2005). When microalgae are ex-
posed to exudates of other micro- and macroalgal species, growth inhi-
bition may occur as a form of competitive exclusion. For instance, the
intensity and types of EPS production in Phaeodactylum tricornuatum
laboratory cultures varied markedly in the presence of exudates from
Emiliania huxleyi (a coccolithophore micro-alga), Porphyra spp. (a red
macro-alga) or Enteromorpha spp. (a green macro-alga), with allelo-
pathic effects being quite speciﬁc and associated with changes in Fe,
Ni, Cd, Zn, Pb, Co, and Mn uptake. There were strong correlations be-
tween Cu uptake and cell yield of P. tricornutum in the presence of exu-
dates from E. huxleyi N Porphyra N Enteromorpha (Vasconcelos et al.,
2002). It appears thatmetal cation availability determines howmuchal-
lelopathy, EPS production, and microbial proliferation takes place. This
ﬁeld, currently ill-explored, deserves more investigation and develop-
ment of better sensors to track the effect on culture parameters in
hatcheries.
While many types of algicidal bacteria have been described (Mayali
and Azam, 2004), some bacteria may also serve protective or functional
roles in microalgal cultures. Indeed, some microalgal-bacterial
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udates contain compounds that are protective of that speciﬁcity. A good
example is Roseobacter species that attach to phytoplankton, undergo
morphological changes, and begin producing tropodithietic acid (TDA)
that appears to protect the alga from algicidal bacterial species and
limit competition from species other than Roseobacter (Geng and
Belas, 2010). While this demonstrates chemical inhibition by a bacteri-
umwithin the EPSmatrix, there are examples of the inverse, where EPS
contains substances inhibiting bacterial growth. For instance,
Tetraselmis is sometimes used in shellﬁsh or crustacean hatcheries as
it appears to produce antibacterial exudates that reduce biofouling
and pathogenic infections (Austin and Day, 1990; Regunathan and
Wesley, 2004). Similar effects have also been observed with I. galbana
(Molina-Cárdenas et al., 2014).
It is generally accepted that hatchery production facilitieswith a bal-
anced microbial ﬂora are more stable. Phototrophic bioﬁlm production
in algal cultures appears to stabilizewhen there aremetabolites present
from diverse organisms rather than just axenic isolates (Roeselers et al.,
2008; Van dam et al., 2002). Inmany cases, probiotics have been shown
to have a positive effect on overall hatchery productivity (Tinh et al.,
2008) and EPS constitute a signiﬁcant portion of probiotic biomass.
Non-digestible prebiotiotics (e.g. inulin, mannose- and fructose-
oligosaccharides) administered in combination with probionts increase
immune responses in ﬁsh (Cerezuela et al., 2011), white shrimp
(Zokaeifar et al., 2012), and lobster (Goulden et al., 2013), reducing
their susceptibility to pathogens. There is extensive literature on the
merits of prebiotics, probiotics, and synbiotics (for reviews, see for
instance De et al. (2014); Ringø et al. (2014)). However, more research
is clearly warranted on EPS as a transporter of microbial ﬂora and
immunostimulants to the gut of crustaceans and ﬁsh.
2.5. The role of EPS in bioﬁlm formation
The quality of intake water for hatcheries is empirically known to be
very important, but EPS are rarely studied when assessing quality
control of ﬁltration and sanitation equipment. There has been much
debate about the relative utility of various physical and chemical treat-
ment methods in addressing water quality e.g. sand or pore ﬁltration,
foam fractionation and protein skimmers, ultraviolet light (UV), addi-
tion of metal-chelating EDTA (ethylenediamine tetraacetic acid) or
clay (Attramadal et al., 2012; Matson et al., 2006; Utting and Helm,
1985). Efﬁciency of DOC removal varies with each method, with some
hatcheries reporting that active ﬁlter media, sand and drum ﬁlters, or
protein skimmers are most useful, while others report very different
results depending on their location and speciﬁc conditions. EPS may
explain many apparently localized differences. Thus it is surprising
that EPS has not received more attention in hatcheries given the a
large body of knowledge that already exists regarding the speciﬁc role
of exopolymers in connection with fouling of ﬁltration membranes
(Berman et al., 2011), membrane bioreactors (Wu and Fane, 2012),
and desalination and water treatment facilities (Bar-Zeev et al., 2012).
Metal ions leaching from brass ﬁttings or pump bearings may combine
with EPS to form corrosive organometallic complexes that become toxic
in minute quantities and go undetected until repeated population
crashes prompt thorough investigations (Jones, 2006). There are novel
antibiocorrosion coatings that could be transferable to hatcheries, per-
hapswith improved results in the quality control of ﬁltration processes.
One area that has been well studied in relation to EPS content of
bioﬁlms in aquaculture is the creation of bioﬁlters within recirculating
aquaculture systems (RAS) (Blancheton et al., 2013; Neori et al.,
2007). Developing a stable bioﬁlm coating in culture vessels is not
only a requirement for bioﬁlters to function properly, but is also a
requirement for successful diatom and dinoﬂagellate production
(Newaj-Fyzul et al., 2014; Wang et al., 2008).
Relatively recently, technology has allowed for clear visualization of
marine microgels (containing both bacteria and microalgae) duringinitial stages of bioﬁlm formation (Bar-Zeev et al., 2012). The accumula-
tion of EPS in bioﬁlms creates resistance in near-surface water ﬂow and
causes attachment of bacteria and other particles on thewalls of culture
vessels and tubing (Bar-Zeev et al., 2012; Bhaskar and Bhosle, 2005).
Such accumulations can contribute to biofouling (Berman et al., 2011)
and to potentially damaging shear forces (Michels et al., 2010). A recent
review on bioﬁlms (Flemming andWingender, 2010) suggests that dis-
persion of sessile cells from bioﬁlms in response to sudden changes in
nutrient availability is likely due to release of bacterial enzymes (e.g.
hydrolases, lyases, lipase) that degrade the EPS matrix and open up
channels, which is corroborated by single-particle tracking (Birjiniuk
et al., 2014). The supposition is that such channels not only ensure fur-
ther colony formation but also facilitate nutrient availability and/or
transport of quorum sensing molecules. Such mechanisms might
explain why microalgal cultures take awhile to equilibrate and why
excessive exudate production can promote the growth of bacteria,
including Vibrio and other pathogenic species. Hence knowing how,
when and why bioﬁlms form, and what parameters induce or inhibit
their formation could point to handling procedures that are less
labour-intensive and more cost-effective than those presently in use.
3. EPS role in feed quality: consumption of EPS by grazers and ﬁlter-
feeders
Given their biochemical composition and prevalence in aquatic sys-
tems, it is reasonable to assume that EPS can constitute important die-
tary components – or at least play a role in the gut microﬂora - of
most invertebrates. However, due to their lability, transparency, and
patchiness, EPS have seldom been the subject of feeding studies that
directly demonstrate intake and assimilation. Studies that show uptake
of labeled amino acids and their incorporation into protein may shed
some light on nutrient assimilation of invertebrate species. Rates of
inﬂux of 14 C-labelled substrates for instance into veliger, pediveliger
and juvenile Ostrea edulis oysters showed that net inﬂux of amino
acids occurs at micromolar concentrations (Rice et al., 1980) and is
higher in earlier developmental stages (Manahan and Crisp, 1982). Fur-
ther studies demonstrated uptake and incorporation of 3 H-glycine
through the velum of Ostrea edulis,Mytilus edulis and Crassostrea gigas
(Manahan and Crisp, 1983). To exclude the possible roles of bacteria,
HPLC was used in Mytilus edulis to conﬁrm uptake rates of labeled
amino acids in axenic larvae (Manahan et al., 1982). Pediveliger C
gigas and M edulis larvae were shown to have more rapid weight-
speciﬁc uptake and metabolism of labeled glycine and alanine than
adult oysters, with functional rate constants indicative of efﬁciencies
at natural seawater concentrations (Manahan, 1983). Recent studies
of ectodermal amino acid transporter genes in marine invertebrate
larvae and adults (Applebaum et al., 2013) are evidence that transport
capacity exists. While none of the above-mentioned studies speciﬁcally
isolated amino acids from EPS, they are indicative of the metabolic
capabilities for their absorption fromDOM. 14 C-labelled DOC from exu-
dates of the macroalga Nereocystis luetkeana were taken up by
pediveliger larvae and juveniles of C gigas in amounts approximately
100x the concentration in the feeding medium, with larvae taking up
20%more than juveniles (Fankboner andDeBurgh, 1978). Furthermore,
15 N in macroalgal exudates were taken up by scallops more efﬁciently
(78%) than DOM or particulate detritus, although not as efﬁciently as
phytoplankton (90%, Thalassiosira weissﬂogii). However, when concen-
trations of aggregates vs phytoplankton were taken into account, the
aggregates contributed signiﬁcantly to nutrient requirements (Alber
and Valiela, 1996).
Diatom exopolymers tend to be rich inmonosaccharides, most often
fucose, galactose, xylose, and rhamose (Haug and Myklestad, 1976;
Hoagland et al., 1993), while bacterial exopolymers are generally richer
in glucose and oxidized sugars, most often in uronic acids (Bhaskar and
Bhosle, 2005 Studies using 14 C-labelled glucose and other methods
demonstrate uptake and assimilation into polysaccharides by bivalve
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1990). Obviously, the breakdown of exopolymers into these simpler
sugars is more likely to be a source of carbohydrate energy for
consumers, like grazers and ﬁlter feeders, than detritus containing
high percentages of polymers like cellulose and lignin, which are less
valuable as a carbon source unless suitable bacteria are present to
break them down (Crosby et al., 1990). Flagellates from tide waters
were noted to take up ﬂuorescently labeled high molecular-weight
(MW) dextran into food vacuoles accompanied by growth (Tranvik
et al., 1993). Now that mass spectrometric tools combined with
genomics and informatics can discriminate between protozoan and
bacterial metabolites at the molecular level, there are capabilities for
tracking utilization of both high- and low-MW constituents of EPS
(Kujawinski, 2011). Such studies should contribute more precise infor-
mation about the extent to which invertebrates and ﬁsh larvae can
utilize EPS and its inclusions as nutrient sources.
Metazoans important for hatchery production are among the nu-
merous larval stages that have been shown to be associated with -
and in some cases to directly feed on - ‘marine snow’ (large EPS aggre-
gates). These species include the harpacticoid copepods and one species
of calanoid copepod (Temora stylifera) (Bochdansky and Herndl, 1992),
even though the predominant species of calanoid copepod studied,
Acartia clausi, is free-living and did not appear to have suitable feeding
appendages for utilizing the mucoid matrix. In a study of small cope-
pods preyed upon by ﬁsh larvae in polar waters, it was noted that cope-
pod fatty acid proﬁles do not reﬂect those of dominant phytoplankton
species, suggesting that they graze on detritus or organic aggregates
(Kattner et al., 2003). Consumption of EPS by the copepod Calanus pacif-
ica under nutrient-deplete conditions (Ling and Alldredge, 2003) and
by various other invertebrate and vertebrate species (Passow, 2002b)
indirectly indicate EPS are a nutrient source in marine food webs.
Such ﬁndings have implications speciﬁcally for nutrient supplementa-
tion of copepods and artemia in ﬁsh hatcheries, and may enhance our
understanding of how emulsions, liposomes and other delivery
methods can be best utilized to take advantage of the existing EPS
matrix.
Selection of food particles by ﬁlter feeders based on ‘ectocrine’ prop-
erties has been studied (Ward and Targett, 1989a), and recent attention
has focused on particle size and surface properties as other determi-
nants of selection for ingestion (Espinosa et al., 2010; Rosa et al.,
2013). Electron microscopy reveals consecutive modes of particle cap-
ture and transport corresponding to gill development in early stage oys-
ter (Cannuel and Beninger, 2006) and mussel larvae (Cannuel et al.,
2009) corroborating other studies on the efﬁciencies of bivalve nutrient
uptake with maturation of feeding structures (Baker and Mann, 1994;
Veniot et al., 2003). Similar studies in ﬁsh larvae (Yúfera, 2011) reveal
important considerations in designing microparticulate diets (review:
(Langdon and Barrows, 2011), although EPS have not yet received the
attention they perhaps deserve.
Since stage-speciﬁc size requirements differ, it is reasonable to as-
sume that EPS aggregates of different sizes might be exploited by dif-
ferent life stages for their nutrient content. Interestingly, ﬂuorescent
nanoparticles (100nm) embedded in aggregates of variable sizes
N100μmwere taken up by adultMytilus edulis and Crassostrea virginica
whereas the same nanoparticles were ignored when freely suspended
(Ward and Kach, 2009). More importantly from the perspective of
feed, the authors studied egestion rates using 10μm non-ﬂuorescent
polystyrene beads known to be of a size ingested with 100% efﬁciency
and fed simultaneously with the nanoparticles. Gut retention times for
nanoparticles incorporated into aggregates exceeded by 12x the peak
egestion rates of the 10μm beads, suggesting that aggregates entered
the digestive glands where nanoparticles could have been taken up
by endocytosis. Further research using similar methodology in con-
junctionwith tracers will elucidate the fate of aggregates. Such studies
on preferential particle selection that combine appropriate chemical
cues with incorporation of nanoparticles into EPS aggregates willalso yield useful techniques for delivery of essential nutrients,
probiotics, and vaccines to various life stages of aquatic organisms.
4. Inﬂuence of rheological properties on EPS formation
Even though there is practical knowledge about the effects of turbu-
lence in microalgal bioreactors and the limits on ﬂow rates for various
species, the rheological dynamics of EPS have received little research
attention. Nevertheless, insights into the amounts and types of
exopolymers present and their viscosities and shear rates have implica-
tions for several hatchery functions, namely apertures and diameters of
tubing in culture equipment where bubbles form, the types of pumps
and aerators used, and perhapsmost importantly, the feeding behaviors
of the organisms being raised.
When phytoplankton are suspended in the shear ﬁeld of a rheolog-
ical measuring device they form aggregates, and stickiness can be calcu-
lated knowing the volume-concentration of cells and ﬂuid shear rate
(Kiørboe, 1997). Even those diatoms that normally have few sticky
properties (e.g. C. afﬁnis) form aggregates when sheared. From mea-
surements it is evident that EPS properties are strongly tied to the
scale at which interactions occur, and factors like shear rates have mul-
tiplicative effects (Jenkinson and Sun, 2010). Such measurements pre-
dict that at the scales of EPS (approx. 20 x 10-6 m), the phycosphere
(10-7 to 10 -5 m) and adhesion to solid surfaces (10-9 to 10 -5 m), differ-
ences in hydrostatic pressures, viscosities as well as shear will affect
physiological functions like bacterial adhesion, elasticity, and the ﬂow
dynamics of nutrients, toxins, QS molecules and furanones which are
known to be implicated in bioﬁlm and aggregate formation.
Less understood are the microscales of larval feeding structures,
where particle behavior is determined in large part by viscosity relation-
ships. For instance, we are only beginning to understand how a ﬁlter
feeder’s mucus coatings interact with the surface characteristics of
food substances. For instance, endoscopic observations of suspension
feeding in adult oysters strongly suggest that rheological properties
make it possible to reject, ingest and process particulate matter on ac-
count of the pH, hydration, shear rate, type and concentration of secret-
edmucus (Ward et al., 1994). For predatory zooplankton and larvalﬁsh,
feeding rates are also affected by microscale turbulence which typically
enhances contact between predator and prey on account of capture
strategies that have evolved to take into account hydrodynamic forces
at those scales (Kiørboe, 1997). Culture conditions that interfere with
microscale rheological properties of EPS not only inﬂuence bioﬁlms
within a hatchery, but can also result in sub-optimal feeding rates of tar-
get species. These properties of EPS deserve more attention to fully un-
derstand their effects.
5. Practical applications for hatcheries: Visualizing EPS production
5.1. EPS and nutrient bioavailability
The traditional view has been that abnormal EPS production leading
to microalgal culture instability is related to micronutrient limitation
and stress. Studies looking at both replete and deﬁcient nutrient content
have shown that nitrogen, phosphorus, and silica limitation alters EPS
production (Guerrini et al., 1998; Penna et al., 1999). A study of
Phaeocystis globosa raised inmesocosms under variousN:P limiting con-
ditions, showed two distinct phases in the source, timing, and intensity
of EPS formation: N depletion was associated with a slow, continuous
increase in non-coagulating EPS production, while P depletion resulted
in sudden formation of heaviermucilaginous EPS aggregates (Mari et al.,
2005). Hence nutrient regimes can play an important role in the timing
and quantity of microalgal EPS production. This could potentially ex-
plain why some microalgal feed species that are comparatively easy
and cost-effective to raise (and that also ﬁt appropriate nutritional and
size proﬁles for larvae of different species), have nonetheless tested as
unsuitable for hatchery use (Marshall et al., 2010). Such species could
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that increase nutrient bioavailability or improve larval ability to ingest
feed particles.
Among themany environmental factors - pH, light intensity, salinity,
temperature, turbulence, surfactants, and colony densities - known to
stimulate EPS production, pH appears to be particularly important. For
instance, rates of carbon ﬁxation and calciﬁcation in diatoms are sensi-
tive to the method for adjusting pH, which can alter calcium and metal
ion availability. For Thalassiosira weissﬂogii and Emiliania huxleyi in
batch cultures, bubbling of CO2-enriched air created greater variability
in culture conditions than acid/base addition, and when trace metals
might be limiting, use of pH buffers may not be sufﬁcient to maintain
stable pH (Shi et al., 2009). For at least some species of bacterial symbi-
onts whose siderophores in microalgal EPS appear to sequester iron,
slight reductions in pH from increased CO2 alter synergistic anion activ-
ity, with signiﬁcant effects on iron uptake (Shi et al., 2009). In other in-
stances, lower pH increases extracellular dissolved carbohydrates in
batch-cultured Chaetoceros muelleri but not necessarily EPS production
(Thornton, 2009). Continuous illumination of eight semi-continuously
cultured phytoplankton species in nutrient replete but variable temper-
ature regimes resulted in ﬁve species exhibiting TEP production that in-
creased with temperature up to a maximum. Careful measurements of
photosynthetic capacity led to the conclusion that it is not always stress
that results in increased extracellular carbon but rather maintenance of
a balance between production and excretion (Claquin et al., 2008).
These various studies emphasize that several parameters are all interde-
pendent and affected by growth and culture age for different species
and their combinations. What hatcheries need are smart, integrated,
economical monitoring devices that permit modeling based on prior
performance and the ability to coordinate that data with larval growth
and mortality for a particular facility. Only then will it be easier to pre-
dict how growth conditions in relation to EPS formation can best opti-
mize the quality of feed.
5.2. Using properties of EPS to optimize microgalgal cultures
The current interest in high-output production of microalgae for
biofuels has meant that EPS dynamics are increasingly important for
their inﬂuence on ﬂow, growth rates and many other parameters in
mass-cultures. Certainly, by knowing how various biophysical proper-
ties of the microenvironment affect equilibria between DOM and
POM, it becomes easier to predict the role of EPS in the stability of
sparged or stirred microalgal cultures. Perhaps one of the stumbling
blocks to further exploration of this area has been the inability to
make predictive generalizations about EPS production on account of
the variety of species cultured in both hatcheries and for biofuel produc-
tion. Some of the difﬁculties include understanding EPS formation
under a host of culture parameters: pH, illumination, turbulence, tem-
perature, population densities, oxygenation and micro- and macro-
nutrient availability. Yet given the wide range of information that EPS
can provide about the health of a bioreactor culture, it is not unreason-
able to think that culture parameters could in future be measured by
biosensors that allow much closer monitoring, and indeed, EPS could
provide indicators of culture health and performance, as well as provid-
ing an important basis for bio-feedback sensors.
It is already well established that balancedmicroalgal cultures allow
EPS to play their important role in ion-exchange mechanisms: anionic
groups in the microgel matrix – carboxyl, sulfate, phosphoryl – attract
cations, including metal ions for enzymatic processes, and cationic
groups – amino groups from proteins and proteoglycans – attract an-
ions, thus giving the matrix spatial coherence and internal structure.
One of the critical parameters to monitor towards assessing stability of
a culture is the carbon:nitrogen (C:N) ratio not just of the microalgae
but also within the EPS. Under conditions of nitrate limitation in studies
of Chaetoceros calcitrans, deﬁciencies in the C:N correlate with higher
EPS production in the exponential growth phase (Corzo et al., 2000).Although nutrients are rarely limiting in hatchery cultures (adequate
media is generally added), the ratios of nutrients are also important,
as are growth conditions, since these inﬂuence how much EPS is pro-
duced. Studies have shown that the C:N ratio in bacterial andmicroalgal
EPS depends not just on nutrient limitations (Guerrini et al., 1998;
Underwood et al., 2004), but on factors such as UV exposure
(Ortega-Retuerta et al., 2009; Sulzberger and Durisch-Kaiser, 2009),
temperature (Claquin et al., 2008; Engel et al., 2011) and seawater pH
(Mari, 2008). For instance, studies on diurnal variations in production
of EPS in benthic diatom assemblages have shown that EPS production
increases as cells enter a stationary growth phase, with alcohol-
insoluble ‘bound’ EPS production enhanced duringhours of illumination
(Orvain et al., 2003). Studies such as these on EPS production may help
explain why bivalve hatcheries extract feed from cultures in the expo-
nential phase growth, and why certain nutrient additions, light param-
eters, temperatures and pH conditions are more favorable for ensuring
feed quality. For hatcheries to beneﬁt from this research-based knowl-
edge, a variety of EPS monitors and biosensors for culture parameters
need to be developed and adopted so as to better understand the role
of EPS in microalgal cultures. Many of the unanswered questions raised
aboutmicroalgal feed quality in hatcheries (for instance issues raised in
Marshal et al., 2010)may be explained through better understanding of
EPS.
Techniques for assessing EPS are no longer complex and costly. A
recent review describes various EPS extraction techniques and
compares them for simplicity and sensitivity (Takahashi et al., 2010).
Historically, basic staining techniques such as Alcian Blue and
Coomassie Blue were used to visualize exopolymers, but there are
now many newer and more sensitive technologies for detecting colloi-
dal particles and their binding properties: ﬁeld-ﬂow fractionation
(FFF) coupled with mass spectrometry (Stolpe and Hassellöv, 2010;
Stolpe et al., 2005;Wells and Boehme, 2008) as well as laser in situ scat-
tering and transmissometry (LISST) (Andrews et al., 2011; Taylor et al.,
2013). Progress needs to be made in reﬁning those technologies and to
develop biosensors (Buenger et al., 2012) that can become cost-
effective and suitable for hatchery needs.
6. Summary
EPS are signiﬁcant contributors to carbon, nitrogen, andmicronutri-
ent cycling in aquatic systems. Bothmicroalgae and bacteria are capable
of producing exudates which exist in both dissolved and particulate
phases, and contain signiﬁcant amounts of carbohydrate as well as pro-
teins, nucleic acids, and lipids. EPS are typically sticky, anionically
charged aggregates of nano- and micro-gel extracellular exudates,
which are not generally observable by light microscopy.
Mutualistic assemblages of bacteria may exist in the gel matrix of
microalgal EPS and exhibit diffusive and adhesive interactions that
vary with environmental conditions and age. The complex microenvi-
ronment of EPS is a site of enzymatic activity, often involving sequestra-
tion of micronutrients essential for microalgal growth and/or
production of substances allelopathic to competing organisms. The full
range of mutualistic, commensal and allelopathic relationships among
different species of bacteria and microalgae is poorly understood, but
visualization of these relationships is crucial to understanding hatchery
dynamics, particularlywithinmicroalgal cultures. Imbalances in themi-
crobial assemblages associated with EPS aggregates may result in over-
or under-production of exudates resulting in suboptimal culture condi-
tions and even population crashes.
Toxins produced by bacteria and/or furanones produced by
microalgae in response to grazers or competitors can be embedded in
the porous structure of EPS aggregates. Such toxins may elude normal
hatchery ﬁltration mechanisms associated with intake water sources
but be lethal to ﬁsh and shellﬁsh larvae. In suboptimal microalgal
production systems, these toxins can be unknowingly incorporated
into feeds.
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nents of EPS. As a result, EPSmay play amore important role in nutrition
of molluscs, copepods and rotifers than previously assumed; further
investigations of EPS in hatchery settings are warranted to determine
when, how, andwhy they either contribute to, or interferewith, optimal
production of quality live feeds. EPS likely have an important role in
determining the microbial ﬂora of the larval gut, with aggregates not
only implicated in feed selection and digestibility, but also transport of
bacteria to regions of the gut where they can proliferate and provide
immunostimulatory protection from pathogens and aid in micronutri-
ent assimilation.
Surface bioﬁlms contain EPS that can alter nutrient bioavailability
and culture viability. In large quantities, such bioﬁlms become a nui-
sance when they form macroscopic mats that foul culture apparatus. It
would be possible in future to develop smart sensors in hatcheries
that are capable of continuously monitoring growth stages, nutrient
availability, EPS and bioﬁlm production, as well as more standard envi-
ronmental parameters (e.g. pH, salinity, density, turbulence, metal ion
bioavailability) with the possibility for biofeedback to deliver precise
control of culture conditions. Further research into the role of EPS in
hatcheries is clearly needed in order to beneﬁt from the potential utility
of such biosensors.References
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